This note provides examples of how geostationary satellite data can be applied to augment other data sources in tracking warm, moist air masses as they move northward from the Gulf of Mexico. These so-called returning air masses are often a key ingredient in bringing about severe weather outbreaks in the central and southeastern United States. The newer NOAA-GOES imagery provides high spatial and temporal resolution. Together, surface observations, upper-air soundings, and high-resolution satellite imagery provide a comprehensive picture of the returning moist air mass.
Introduction
The fact that low-level moisture is an important ingredient in the development of severe thunderstorms has been well documented over the previous century (Humphreys 1926; Showalter and Fulks 1943; Fawbush et al. 1951; Appleby 1954; Whitney and Miller 1956; Miller 1972; Schaefer 1986 ). It has also been shown that the Gulf of Mexico is the primary source of this lowlevel moisture in the United States east of the Rocky Mountains (Newton 1963) . There have been a number of studies focusing on the return of low-level moisture from the Gulf of Mexico (Johnson 1976; Karnavas 1978; Henry 1979a,b; Lewis et al. 1989; Lewis and Crisp 1992; Crisp and Lewis 1992) . Low-level moisture can be "cut off" when cold fronts-with their attendant northerly winds, cooler temperatures and low humidity-sweep in from the north. This incursion of cooler, drier air into the Gulf of Mexico occurs most frequently in the winter months with a gradual decrease through the spring months (Henry 1979a) .
For the severe weather forecaster, an important component of the forecast problem is anticipating when warm, moisture-laden gulf air will advect northward, and in what quality or magnitude it will arrive. Weiss (1992) concludes that one of the chief errors in modeling moisture return is the lack of sufficient surface observations over the Gulf of Mexico (i.e., poor initialization). Although models have improved since this study, and the number of maritime observations has increased, the evaluation of the rapidly evolving severe storm environment rests on the subjective judgement of the forecaster. The process generally begins with the analysis of surface observations followed by the analysis of upper-air observations to quantify the depth and character of the returning air mass. However, the density of upper-air observations is still insufficient in giving us a complete picture (Schwartz and Doswell 1991) . Total precipitable water (TPW) derived from satellite data and from upper-air observations has also been shown to be useful in analyzing gulf moisture returns (Rabin et al. 1991 (Rabin et al. , 1992 (Rabin et al. , 1993 . However, the TPW products derived from the Geostationary Operational Environmental Satellite (GOES) are not possible whenever a relatively solid middle-or upper-level cloud deck is present. Other ground-based remote sensing techniques such as the slant global positioning system (Bevis et al. 1992 ) and the atmospheric emitted radiance interferometer (Feltz et al. 1998 ) have also been used to gauge water vapor content in the lower atmosphere.
The purpose of this note is to illustrate the role of geostationary satellite imagery in tracking low-level moisture during the day or night. The surface observations provide approximate position (when used as an overlay with satellite imagery) and some quantitative information about the returning moist air mass. Upperair soundings give a coarse representation of the magnitude and depth of the moisture. Utilizing a blend of satellite imagery, upper-air soundings, and surface observations provides the most complete diagnosis of the returning moist air mass. The analysis techniques used in this paper will focus on the role of the GOES imager in tracking low-level moisture, specifically, defining more precisely the boundaries between dry and moist air masses. These analysis techniques have been available for some time (e.g., Parmenter 1976), however, the study did not elaborate on differences due to time of day and/or cloud cover. Parmenter's study was also accomplished using the coarser-resolution satellite imagery available 30 years ago on the so-called Synchronous Meteorological Satellite series. The newer GOES imagery provides much improved spatial and temporal resolution (Menzel and Purdom 1994) . GOES data frequently allow the forecaster to follow the progression of returning moisture through satellite loops where the speed of the moisture front can be obtained and its interaction with the mesoscale environment can be observed and evaluated. Advantages to this methodology include a more precise location of the moisture front, especially where observations are coarse. Disadvantages include mid-and upper-level clouds obscuring the lower levels. 
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Examples of returning moisture in clear skies
During both the day and night, GOES infrared imagery can often be useful in detecting low-level warmsector air masses (Parmenter 1976) . If skies are clear, there must be sufficient thermal contrast between the encroaching air mass and that which it is replacing if detection is to be possible using the infrared alone. The thermal contrast over land is observed because of the more rapid rate of warming (cooling) in dry air during the day (night) as opposed to that of moist air. Just how much thermal contrast in the 10.7-m channel is sufficient, will be addressed in example one (below). The capability to detect this contrast is possible because of the nature of the weighting function for the 10.7-m channel. Figure 1 illustrates the response curve of the weighting function for the 10.7-m channel in a standard atmosphere. The majority of the response comes from the surface through the near-ground region of the atmosphere.
Example 1: Use of infrared imagery during the day versus night (clear skies)
During daylight hours, the infrared imagery depicts a moist air mass as cooler. The visible imagery in Fig. 2 shows a line of clouds extending from the eastern Texas Panhandle northward into Kansas with clear skies on either side; the surface observations indicate this is a dryline. Infrared imagery in Fig. 3 shows the change in appearance of the moist and dry air masses as differential heating (cooling) occurs in the late afternoon (Fig. 3a) , near sunset (Fig. 3b) , and after sunset (Fig.  3c) . Figure 4 shows the magnitude of the 10.7-m brightness temperature difference between points A and B (shown in Fig. 3 ) versus time. During the daytime (nighttime), the dry air mass (point A) heats (cools) faster than the moist air mass (point B). Around both sunset and sunrise, the magnitude of the thermal contrast decreases across the moist-dry boundary so that it is no longer discernible (Fig. 3b) . In the plot shown (Fig. 4) , when the thermal contrast goes below about 3°C the boundary between the moist and dry air becomes indeterminate. Therefore, the tracking of the low-level moisture boundary is nearly continuous except for those periods of time that lack sufficient thermal contrast. The length of these periods will depend upon the magnitude of the difference in brightness temperature. Over large bodies of water, there is little or no thermal contrast, therefore the moisture boundary is indeterminate.
During nighttime hours, however, a moist air mass will show up as warmer in the infrared imagery. Figure  5 shows that the air mass in western Texas and New 
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Mexico was very dry and cool, and that the resulting low-level brightness temperatures were also relatively cool (brighter). Sky-cover observations (not shown) revealed that both air masses were relatively cloud free. The encroaching more unstable air was warmer and quite evident (darker) on the imagery. Here, warm, moist air is replacing a significantly cooler, drier air mass, and the difference in temperature is fairly easy to see. Recall the opposite was true in our daytime example above. Therefore, the forecaster should keep in mind the time of day to correctly identify the moist air mass, allowing nearly continuous tracking of the lowlevel moisture day and night. The soundings in Fig. 6 imply the advection of low-level moisture through Midland, Texas. Soundings can be used to determine the depth of the moisture to the degree that the sounding is representative of the environment. A blend of the satellite imagery and surface observations can be utilized to pinpoint the location of the moisture.
Examples of returning moisture in cloudy or mostly cloudy skies
In cloudy situations, infrared channels sometimes work better in combination. Dostalek et al. (1997) describe how a combination of GOES 3.9-and 10.7-m imagery may provide a better choice as a tool to identify and track low-level boundaries at night. Briefly, the technique relies on the fact that in liquid water clouds the emissivity at 3.9 m is lower than that at 10.7 m. Therefore, thick low-level water clouds will appear cooler at 3.9 than at 10.7 m. The image representing the difference between the two channels is often referred to by forecasters as the "fog product" and is extremely effective in identifying low-level stratus and fog. Unfortunately, this product is also sensitive to reflected solar radiation, which complicates its usage during the day. However, visible imagery fills the gap during this critical period.
a. Example 1: Fog product at night (cloudy skies)
In some cases, the cloud-top temperatures associated with low-level stratiform cloudiness are not cool enough to provide a sharp contrast with cool ground at night. In such cases, the 10.7-m imagery alone is not effective. As mentioned above, the fog product is designed to detect low-level water clouds. To illustrate the utility of this product, we present an example of a surface warm front that moved across the state of Oklahoma into Kansas on 6 May 2003. The returning lowlevel moisture was expected to combine with daytime heating to produce severe thunderstorms in southeast Kansas and southern Missouri later in the day. In this case, the 10.7-m image from 1115 UTC (Fig. 7) does not show a clear demarcation of air masses, even though, with careful study, one can see a slight darkening in the warmer air mass. The fog product at the same time, however (Fig. 8) , clearly reveals the presence of stratiform cloudiness in eastern Oklahoma and Texas. Surface observations should be overlaid to confirm that the low-level clouds are associated with low-level moisture in the warm sector. The combination of surface (buoy) observations and the fog product yield a precise, and temporally frequent, location of low-level moisture over land (water) . Animation of the 15-min interval fog product imagery (not shown) along with overlaid hourly surface observations, makes tracking returning low-level air masses easier and more accurate than by use of surface data alone. 
b. Example 2: Visible imagery during the day (mostly cloudy skies)
Figure 9 is a visible image from later in the morning. At this time, the returning moisture had just crossed into southern Kansas and was well south of some elevated convection in central Kansas. Figure 10 shows the same convection after the warm sector air has arrived. Notice the change in appearance of the easternmost storm in Kansas from Fig. 9 to Fig. 10 . During this time, the storm has intensified and now displays several features associated with severe supercell storms (Weaver and Lindsey 2004) 
Concluding remarks
Low-level moisture is an important ingredient in the development of severe weather weather situations.
During the winter and spring months, low-level moisture can be cut off when cold fronts-with their attendant northerly winds, cooler temperatures, and low humidity-sweep in from the north. The forecast problem then becomes one of anticipating the northward advection of warm, moisture-laden gulf air. Understanding when to use infrared imagery, visible imagery, or the fog product and to what extent infrared satellite imagery will change diurnally, is useful in identifying the returning low-level moist air mass. The role of satellite imagery is to pinpoint the location of the low-level moist air mass (because the surface observations only give a coarse representation of location), then blend this information with the quantitative analysis of surface observations and upper-air soundings. The result of this approach is both an improved quantitative analysis and subjective analysis of low-level moisture. In the future, GOES-R (planned for launch in 2012) will deliver higher spatial and temporal resolution satellite imagery, further increasing the value of this technique. 
